The search for inversion asymmetric topological insulators (IATIs) persists as an effect for realizing new topological phenomena. However, so for only a few IATIs have been discovered and there is no IATI exhibiting a large band gap exceeding 0.6 eV. Using first-principles calculations, we predict a series of new IATIs in saturated Group III-Bi bilayers. We show that all these IATIs preserve extraordinary large bulk band gaps which are well above room-temperature, allowing for viable applications in room-temperature spintronic devices. More importantly, most of these systems display large bulk band gaps that far exceed 0.6 eV and, part of them even are up to ~1 eV, which are larger than any IATIs ever reported. The nontrivial topological situation in these systems is confirmed by the identified band inversion of the band structures and an explicit demonstration of the topological edge states. Interestingly, the nontrivial band order characteristics are intrinsic to most of these materials and are not subject to spin-orbit coupling. Owning to their asymmetric structures, remarkable Rashba spin splitting is produced in both the valence and conduction bands of these systems. These predictions strongly revive these new systems as excellent candidates for IATI-based novel applications. 
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I. Introduction
Topological insulators (TIs) are a new class of materials which reveals a fundamental interplay between the electronic structure and topology, it provides a platform for potentially promising applications in spintronics. 1, 2 This novel quantum matter can support odd number of gapless boundary states inside a bulk band gap, which are topologically protected and robust against perturbation. So far, a number of compounds have been theoretically or experimentally confirmed to be TIs. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In practical applications, TIs with a large bulk band gap are more desirable because of their ability to stabilize the edge current against the interference of thermally activated carriers in the bulk. In order to obtain practical TIs with preferable large bulk band gaps, extensive theoretical and experimental efforts have been devoted to Bi-related materials in view of the large atomic spin-orbital coupling (SOC) strength in Bi atom. Examples include Bi 2 Se 3 , 7 BiTeCl, 8 Bi (111) bilayer, 9 bilayers of group III elements with Bi, 10 BaBiO 3 , 11 chemically modified Bi honeycomb lattices, 12, 13 as well as Bi 4 Br 4 thin films 14 .
Depending on their crystal structures, TIs can be classified into inversion symmetric TIs (ISTIs) and inversion asymmetric TIs (IATIs). Although the presence of inversion symmetry is helpful in identifying TIs owing to the existence of the parity criterion, 21, 22 the IATIs arise intense attention by their perfect performance in realizing new topological phenomena in practical materials. It is due to the inversion symmetry break that IATIs can host many nontrivial phenomena such as crystalline-surface-dependent topological electronic states, 9, 23 pyroelectricity, 24 and natural 3 topological p-n junctions, 25 as well as the realization of topological magneto-electric effects. 26, 27 In addition, the occurrence of superconductivity in IATIs would give raise to unique features such as a large upper critical field beyond the Pauli limit 28, 29 and topological superconductivity with the Majorana edge channels 30 . All these properties lead to a great potential of IATIs in device paradigms for spintronics and quantum information processing. Despite the importance of IATIs, up to now, few materials have been shown to be IATIs 8, 10, 22, 31, 32 . In addition, no IATI with a bulk band gap exceeding 0.6 eV has ever been discovered either theoretically or experimentally. 8, 10, 22, 31, 32 The small bulk band gaps of the obtained IATIs severely limit the working environments, in particular real-world applications are restricted due to the need to operate at cryogenic temperature. Therefore, the search for new IATIs with large bulk band gaps is urgently required.
Here, on the basis of first-principles calculations, we report on a series of two-dimensional (2D)
IATIs with significantly large bulk band gaps in hydrogenated and fluorinated Group III-Bi, which
we call III-Bi in the remainder for the sake of simplicity, (H2/F2-GaBi, H2/F2-InBi and H2/F2-TlBi)
bilayers. The topological characteristics of these systems are confirmed by the identification of band inversion and the explicit presence of the nontrivial topological edge states. More remarkably, except hydrogenated GaBi and InBi, all the bulk band gap of these IATIs exceed 0.6 eV and, part of them are even approach to about 1 eV, making them viable for high temperature applications.
Furthermore, our results suggest that, except for hydrogenated GaBi and InBi, the nontrivial band order characteristics of other materials are intrinsic regardless of SOC. Together with the excellent nontrivial topological characteristics in these systems, we establish that these IATIs can produce remarkable Rashba spin splitting, deriving from their inversion asymmetry-induced strong polar field. These findings make these new IATIs promising platforms for unusual topological phenomena and possible applications at high temperature.
II. Computational Details
Our first-principles calculations are performed using the Vienna ab initio simulation package (VASP). 33, 34 The projector-augmented wave (PAW) method 35 is used to describe the electron-ion potential. The exchange-correlation potential is approximated by the generalized gradient 4 approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form. 36 A plane-wave basis set with kinetic energy cutoff of 500 eV is used. Periodic boundary conditions are employed to simulate these 2D systems. Vacuum space between a constructed structure and its periodic mirrors is chosen to be no less than 18 Å, which is sufficient for energy convergence. We employ a k-point set generated by the 17×17×1 Monkhorst-Pack mesh 37 for both geometry optimizations and self-consistent calculations. The atomic coordinates of all atoms in the unit cell and the cell's length are fully relaxed, with the forces on every atom converged to within 0.01 eV/ Å. In the self-consistent calculations, SOC is included. For the phonon dispersion relations, the finite displacement method as implemented in the CASTEP code 38, 39 and PBE for the exchange-correlation are used. In Fig. 2 , we show the electronic band structures of H2/F2-III-Bi thin films in the absence SOC.
III. Results and Discussion
H2
Without considering the SOC effect, the band structures of H2-GaBi and H2-InBi show a semiconductor nature with a direct band gap located at point (see Fig. 2a and 2c) . By projecting the bands onto different atomic orbitals we find that the energy spectrum near the Fermi level at the point mainly comes from one s and two p orbitals (excluding spin), which show "-" and "+" parities, respectively. At the point, the two p orbitals are energy-degenerate (excluding spin), while the bands away from the Γ point are well separated. In H2-GaBi and H2-InBi, the Fermi level is located between the s orbital and the two p orbitals, rendering the "-" parity above the two "+" parity states, as illustrated in Fermi level. In contrast to the normal order in H2-GaBi and H2-InBi, the band order at the point is inverted in F2-GaBi and F2-InBi. Specifically, the "-" parity state is shifted below the two "+" parity states, while the band orders at the other TRIM are unchanged. As observed in previous works, 41 The strong SOC from Bi is expected to have significant impact on the electronic band structures of H2/F2-III-Bi thin films, which is confirmed in Fig. 2 . In H2-GaBi and H2-InBi, the SOC effect lifts the energy-degeneracy of the valence band maximum at the point, see Fig. 2b and 2d. As a result, one of the degenerated valence bands is upshifted, while the conduction band is downshifted.
By considering the orbital contribution to the band, one can find that, with switching on SOC, two bands with different parities are inverted around the Fermi level in H2-GaBi and H2-InBi. The band inversion strongly points to the inversion asymmetric nontrivial topological phases in H2-GaBi and H2-InBi. More interestingly, these two systems exhibit sizeable nontrivial bulk band gaps, with the global band gap of 0.241 and 0.270 eV, respectively, indicating that the QSH effect in these two 8 systems can be easily observed at room-temperature. Along with the band inversion, the band structures of H2-GaBi and H2-InBi experience another significant modification, namely the spin-splitting of bands. It is well known that the structure inversion symmetry will keep the spin-degeneracy of energy bands as long as the time-reversal symmetry is kept. Otherwise, the spin degeneracy of the bands would be lifted at the generic k points by SOC in systems with inversion asymmetry, which can be well exemplified by the Rashba effect. 40 As described above, the particular geometric structures of these systems break the inversion symmetry of the crystal potential, which would give raise to the Rashba spin splitting of the bulk bands in these systems. As shown in Fig. 2b and 2d , the valence band maximum of these systems locates slightly off the point, thus forming a significant Rashba spin splitting in these systems. Besides, to show the strength of SOC in these systems more intuitively, we label the SOC-induced band gap between the two p orbitals around the Fermi level at the Γ point as E SOC , to be distinguished from the conventional insulating band gaps. The SOC strength E SOC is about 1.125 and 1.132 eV, respectively, for H2-GaBi and H2-InBi.
As it can be seen in Fig. 2h and 2j, the inclusion of SOC also disrupts the degeneracy of the two bands around the Fermi level in F2-GaBi and F2-InBi, with the valence band and conduction band shifting downwards and upwards, respectively. For the sake of the same band components (i.e., mainly contributed by the p orbital) of these two bands at the Γ point, the SOC-driven band inversion around the Fermi level cannot occur in F2-GaBi and F2-InBi. Hence, the nontrivial band orders in F2-GaBi and F2-InBi are unchanged upon considering SOC. F2-GaBi and F2-InBi are therefore also nontrivial 2D IATIs, similar to H2-GaBi and H2-InBi. Of course more proofs are needed, as we will show below by the demonstration of the topological edge states of these systems.
An interesting feature of F2-GaBi and F2-InBi is that the effect of SOC is only producing an energy gap at the touching point around the Fermi level, but not inducing band inversion as in H2-Ga(In)Bi (namely SOC is not relevant for the formation of nontrivial band order). In fact, a similar situation is observed in well-known 2D TIs like graphene 43 and silience 44 , where the inclusion of SOC also does not change the band order between the valence and conduction bands at the TRIM points. 9 Therefore, similar to graphene 43 and silience 44 When checking the trend of nontrivial gap variation in the studied cases, we can find one obvious feature. For all these systems, the nontrivial band gap of F2-III-Bi is larger than that of its hydrogenated counterpart. Especially for H2/F2-GaBi (and H2/F2-InBi), the nontrivial band gap of F2-GaBi (and F2-InBi) is even three times (and two times) larger than that of H2-GaBi (and H2-InBi). However, one can find that, in sharp contrast to the significant difference in the nontrivial band gaps, the SOC strength E SOC in these systems remains almost unchanged when one changes hydrogenation to fluorination. Such a discrepancy stems from their particular bands around the Fermi level. To elucidate this discrepancy, we show in Fig. 3a the illustration of the effect of SOC on the bands around the Fermi level of H2/F2-III-Bi. It can be seen there are three scenarios for the effect of SOC on the bands around the Fermi level: H2-GaBi and H2-InBi belong to type I, H2-TlBi belongs to type II, while F-III-Bi belongs to type III. As Fig. 3a illustrates for type I and type II, after including SOC, the s orbital lies between rather than below the two SOC-split p orbitals, 11 forming the valence band maximum. These results establish that, in principle, the value of the nontrivial band gap is smaller than the SOC strength E SOC in type I and type II. While for type III, the s orbital is well below the two p orbitals, regardless of SOC, implying the value of the nontrivial band gap is comparable to the SOC strength E SOC . With these results in mind, one can easily understand the discrepancy mentioned above. We then take H2-TlBi and F2-TlBi as examples to get a deep insight into this feature. As schematically shown in Fig. 3b and 3c , the nontrivial band gap is affected not only by SOC but also by the crystal field splitting (CFS). And the later factor is directly determined by the bond strength. Since the SOC strength is comparable for hydrogenated and fluorinated systems, the CFS is responsible for the relative position of the s orbital, as we have detailed above. This argument is corroborated by the fact that the lattice constant of F2-TlBi is larger than that of the H2-TlBi. At last, we wish to point out that the hydrogenation or fluorination in III-Bi systems is not the only way to achieve the large nontrivial ITATs, the same results can be obtained by passivating the surface with other halogen atom, such as Cl, Br and I. We thus performed calculation for Cl2/Br2/I2-III-Bi to investigate their topological properties. In Fig. S4-S6 , we show the corresponding band structures of Cl2/Br2/I2-GaBi, Cl2/Br2/I2-InBi and Cl2/Br2/I2-TlBi respectively for comparison. As illustrated, our results suggest that the band structures of these systems are all similar to F2-III-Bi, and these systems also display "intrinsic nontrivial band order" regardless of SOC. Among the three scenarios depicted in Fig. 3a for the effect of SOC, they all belong to the type III, similar to F2-III-Bi. More remarkably, these systems exhibit large nontrivial band gaps, which all exceed 0.6 eV and, part of them exceed 0.8 eV (see Fig. 5a ). Therefore, these systems are also promising 2D IATIs with large nontrivial band gaps. On the other hand, we can 14 find some interesting phenomena when comparing the values of the band gaps of these systems with each other. It is known that, from F to I, the SOC strength increases in the order F < Cl < Br < I.
It is therefore supposed that the values of the band gaps should increase in the order F2-III-Bi < Cl2-III-Bi < Br2-III-Bi < I2-III-Bi. And since the global band gaps of these systems are mainly determined by the SOC strength E SOC , this order obviously should also work for the global band gaps of these systems. Yet, the fact is just opposite. As shown Fig. 5a and Fig. 5b , the E SOC as well as the global band gaps of these halogenated systems decrease in the contrary order, namely, (the one bonded to Ga/In/Tl) component, see Fig. 5d . Bearing in mind that the Bi exhibits almost the strongest SOC strength, it can get that the larger the ratio, the larger the contribution to the orbital at the Fermi level at the Γ point, and the larger the SOC strength. Based on this fact, we can understand why the E SOC as well as the global band gaps of these halogenated systems decrease in the contrary order F2-III-Bi > Cl2-III-Bi > Br2-III-Bi > I2-III-Bi.
IV. Conclusion
In conclusion, we use first-principles calculations to identify a series of new IATIs, which possess intrinsic topologically protected edge states forming QSH systems. In particular, it is emphasized that most of these systems exhibit an extraordinary large nontrivial bulk band gap that far exceeds the gap of all current discovered 2D IATIs. We further reveal that most of these systems show "intrinsic nontrivial band order" even without considering SOC, and all these systems present interesting Rashba effect due to their asymmetric geometric structures. Details of the underlying physical mechanisms of these systems are discussed. These attractive features make these systems potentially the most promising IATIs.
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